Using the manifestly covariant spectator theory, and modeling the nucleon as a system of three constituent quarks with their own electromagnetic structure, we show that all four nucleon electromagnetic form factors can be very well described by a manifestly covariant nucleon wave function with zero orbital angular momentum.
INTRODUCTION
The elastic electron-proton polarization transfer experiments undertaken at Jlab [1, 2, 3] disclosed that the electric G E and magnetic G M form factors of the proton do not scale (G E µ p /G M = 1) with Q 2 , the squared of the momentum transfer. It now seems clear that the discrepancy between the Jlab polarization results and other measurements using Rosenbluth separation are essentially due to two photon processes [4, 5, 6, 7] , and that the form factors are more accurately determined from the polarization transfer data, removing the possibility that the lack of scaling is an an experimental artifact. Several theoretical models have been developed to explain these new results, including some based on constituent quark wave functions expanded in hyperspherical harmonics [8] and on vector dominance [9, 10, 11] . Also, pQCD inspired calculations have appeared [12, 13] , as well as other calculations based on generalized parton distributions [14] , and lattice QCD [15] . A comprehensive review can be found in Refs. [3, 16] .
The Jlab data has also stimulated discussion about the shape of the nucleon. Is the nucleon spherical or it is deformed? If distorted, is this a relativistic effect? This issue deserves an extended discussion which we postpone to a later section.
In this work we present a modification of the nucleon model developed by Gross and Agbakpe [17] , referred to here as Ref. I. Two observations motivated us to develop this new S-wave model. First, the overall motion of the composite nucleon described in Ref. I does not satisfy the Dirac equation for a spin 1/2 particle. Attempt to find a wave function which does satisfy the Dirac equation lead us directly to this model. Second, as emphasized by Kvinikhidze and Miller [18] , the model of Ref. I depends on direction of the relative three-momentum k between a pair of noninteracting quarks (referred to as a diquark although this term is usually applied to an interacting pair) and the third quark, and hence includes angular momentum components. The S-wave model presented here is independent of the direction of this momentum, and exactly reproduces the pure S-wave structure of the simplest non-relativistic SU (2) × SU (2) wave function when the nucleon is at rest. One of the purposes of this research was to see if such a simple wave function could be definitely ruled out by the new form factor data, and our success in describing the four electromagnetic form factors accurately with this model shows clearly that it cannot.
Some of the basic assumptions of Re. I [17] are kept in this S-wave model: (i) the nucleon is composed by three valence constituent quarks (CQ) (massive extended particles dressed by the quark-antiquark interaction, the pion cloud, and gluon sea, all parametrized by quark form factors), (ii) the three quark system is described by an internal wave function consistent with the properly symmetrized covariant spectator formalism [19] , and the overall center of mass motion of the total system is described by a free Dirac equation for a particle of mass M (the nucleon mass), (iii) the CQ form factors are normalized to the quark charges in the confinement limit (Q 2 = 0) and reproduce the behavior of point-like quarks in the large Q 2 regime giving form factors that behave (up to logarithms) like pQCD at very large Q 2 , and (iv) the wave function has the appropriate non-relativistic limit. A nice feature of the new model is that the two components of the nucleon wave function, corresponding to the spin-0 and spin-1 diquark states, can now be described by the same scalar wave function.
spectator formalism [19, 20] , which has already been solved and shown to work successfully for the 3 nucleon system [20, 21, 22] . The nucleon with four-momentum P and mass M is described by a wave function for an off-shell quark and an on-mass-shell diquark-like cluster.
where Γ is then vertex function describing the coupling of an incoming on-shell nucleon with mass M to an outgoing off-shell quark and an on-shell quark pair (the "diquark"). The continuous mass of the diquark pair is fixed at some mean value, which scales out of the final results. The quark has dressed mass m q and fourmomentum p 1 . The diquark four-momentum k = P − p 1 is constrained by its on-mass-shell condition k 2 = m 2 s , where m s is the mass of the diquark. The quark-diquark interaction is parametrized through simple scalar wave functions. The diquark can have either spin-0 (isospin-0) and spin-1 (isospin-1) components. The isospin states of the quark-diquark system can be written
where τ ± = τ x ± iτ y are the isospin raising and lowering operators, I = ±1/2 is the isospin of the quark (or nucleon)
and
The operator τ · ξ 1 * in Eq. (3) is to be interpreted as transforming the initial two-component nucleon spinor into a two-component quark spinor. Explicitly, for the proton state this operation gives
and automatically yields the correct quark content of the isospin-1 diquark part of the proton wave function. The spin states are analogues of (2) and (3), and their form in an arbitrary frame is obtained by boosting the nucleon to momentum |P| = P along theẑ direction, and then rotating. We will need the results for nucleons moving in the ±ẑ direction only where
where φ 0 ±1/2 is the spin-0 diquark state, u the Dirac spinor, and the arrow indicates the relativistic generalization. Note that in this case the spin of the (isolated) quark is specified by the spin of the nucleon.
To construct the spin-1 diquark component of the wave function, φ 1 s , we begin by considering the nucleon at rest, where the lower two components of its Dirac spinor are zero. If we choose
with the four components ε = {ε t , ε x , ε y , ε z } of the three diquark polarization states defined as in Eq. (5)
then the upper two components of (8) will look just like (3) and the lower two components will be zero. The state in the moving frame is then obtained from (8) by a boost, and becomes
where, for boosts in theẑ direction, the ε ± polarization vectors are unchanged, but the longitudinal one becomes
where
Note that all the polarization vectors satisfy
The latter condition is the usual constraint insuring the polarization vectors have only three independent states. Finally, we note that we chose to write (10) in terms of ε * instead of ε to allow us to interpret (10) as amplitude for an incoming nucleon and an outgoing diquark in the final state.
Putting this all together, the manifestly covariant nucleon wave function is the four-component Dirac spinor
which is a sum of contributions from a spin-isospin (0,0) diquark and a spin-isospin (1,1) diquark and ψ 0,1 are scalar functions that specify the relative shape of the two components. If ψ 0 = ψ 1 = ψ Eq. (13) reduces to
in precise agreement with the symmetric nonrelativistic SU (2) × SU (2) wave function of the nucleon. We emphasize that the combination (φ
is exactly symmetric under interchange of any two quarks. Note that, because P commutes with γ 5 ε * , Ψ N satisfies the Dirac equation
The wave functions ψ are Lorentz scalars that, by the Hall-Wightman theorem, can only depend on scalar products of their arguments, and since k 2 = m 2 s and P 2 = M 2 are fixed, they can therefore only be a function of (P − k)
2 . We choose to express this (P − k) 2 dependence in terms of the dimensionless variable
We choose a functional form for ψ that reduces to the Hulthen form in the NR limit, and has an asymptotic 1/Q 2 dependence for large Q 2 , as expected from pQCD [23, 24] calculations of the electromagnetic form factors. Specifically, we choose ψ to be
where β 1 , β 2 are range parameters (we assume β 2 > β 1 ) and N 0 is a normalization constant. We emphasize that, in the nucleon rest frame, the wave function (13) contains absolutely no angular dependence of any kind. This is the essential difference between this model and the one introduced in Ref. I. In Ref. I Gross and Agbakpe used polarization vectors for the diquark that depended on the diquark momentum k. For a diquark moving in the xz plane their diquark polarization vectors are
where θ is the angle between the diquark momentum k and the z axis (chosen to be the direction in which the nucleon spin is polarized) and E s = m 2 s + k 2 . Initially it might appear that these η's are the best choice for the diquark polarization vectors. The primary disadvantage of using them is that η · P = 0 (even though η · k = 0) and hence P does not commute with γ 5 η * and a nucleon constructed by substituting ε → η (as was done in Ref. I) does not satisfy the free Dirac equation. It will be useful later on to write the polarization vectors ε P in terms of the vectors η. In detail, ε P and η can be connected by a Lorentz transformation O P
The operator R −1 k rotates k from a generic (θ, ϕ) direction to the positive z direction, B −1 k boosts the fourmomentum state (E s , 0, 0, k) to the diquark rest frame (m s , 0, 0, 0), and finally B P boosts the vector (M, 0, 0, 0) to the moving frame (E P , 0, 0, P).
THE NUCLEON ELECTROMAGNETIC FORM FACTORS
The calculation of the form factors parallels the discussion of Ref. I. The nucleon current in the covariant spectator theory is [19, 20, 21, 22, 25, 26] :
where the spectator formalism places the spectator diquark on mass-shell, so that the four-dimensional loop integral reduces to an integration over the three momentum of the on-shell spectator
and the sum is over the polarizations ε of the spin-1 diquarks (see below). [The scalar diquark term has no sum.] As a consequence of our definitions (16) and (17), the momentum k may be scaled by the diquark mass m s , giving final results independent of m s . The factor of 3 sums up the contributions from the three quarks, and the expression is written in the Breit frame with the initial (P − ) and final (P + ) four-momentum of the nucleons chosen to be
with Q = −q 2 the transferred four-momentum and E = M 2 + Q 2 /4. The spin indices of the nucleons have been suppressed.
The electromagnetic coupling of a spin 1/2 quark with a photon is written
where j 1 and j 2 are functions both of the isospin and of Q 2 . We chose
for i = 1, 2, where
The constants are
where κ u and κ d are the u and d quark anomalous magnetic moments, and λ q is a parameter that fixes the asymptotic value of f 1± . The function G(Λ 2 ) is a monopole form factor suggested by vector dominance
and G π is a form factor meant to approximate the contributions from the pion cloud
These quark form factors parameterize the charge and magnetic structure of the u and d CQ. In the low momentum limit, Q 2 = 0, we have j 1 = e + + e − τ 3 , which gives 2/3 and −1/3, for τ 3 = +1 and τ 3 = −1 respectively, as expected. In the Q 2 → ∞ limit we have for the same cases 2 3 λ q and − 1 3 λ q . The contribution from the pion cloud must be purely isovector, and we also assume that it contributes mainly to the charge form factor, so it is added only to f 1− . Since the constituent quark charges constrain the quark form factors at Q 2 = 0, the contribution of the pion cloud at Q 2 = 0 is already effectively included in the term of f 1− proportional to e − . The remaining contributions of the pion cloud for Q 2 = 0 are parametrized by the function G π . This term, Eq. (26), models only the shape dependent part of the pion cloud not fixed by the charge and therefore does not affect the low Q 2 limit of the form factors. At high Q 2 it is constructed to go like Q −4 , an assumption motivated by the argument that the pion cloud must get one power of Q −2 from an elementary quark-pion loop describing the coupling of the photon to the pion, and an additional power from the pion form factor associated with the coupling of the photon to the pion.
The integral (21) is evaluated by substituting the nucleon states (13) and summing over diquark polarizations. Since the diquark is a free particle, its polarization state cannot be changed by the interaction with the quark, so there is no coupling between the scalar and vector diquarks, giving an expression of the form
I the polarization vectors η were used, and since these vectors are defined with respect to the diquark four-momentum k, which is the same for both the incoming and outgoing nucleons, the sum is straightforward, giving
For this model the polarizations ε P are defined with respect to the nucleon four-momentum, and are therfore not in the same frame. At first it seems unclear how to perform the sum. We are saved by the connection (19) that relates the two types polarizations. Using this relation we see that
In the Gross-Agbakpe model [17] the function ∆ µν is angular dependent, as pointed out by Kvinikhidze and Miller [18] . In the model presented here, the analogous function D µν has no angular dependence, and the nuclear current is pure S-wave when Q = 0. At non-zero Q an angular dependence emerges from the wave functions ψ ± , but this is due to the distortion under the boost and is not associated with the intrinsic structure of the state. [27] , the G M n data were used by Bosted in his global fits to the form factors [28] . The G Ep data are from JLab Hall A, Jones et al.and Punjabi et al. [1, 3] (squares) and Gayou, et al. [2] (triangles). The G En data are single Q 2 points from MAMI [29, 30] , NIKHEF [31] , and MIT-Bates [32] (solid circles), and from JLab Hall C by Zhu, et al. [33] (triangle), Warren, et al. [34] (squares), and Madey, et al. [35] (diamonds), and from MAMI by Glazier [36] (open circles). Only G En data obtained from deuteron targets are included. For a list of the data see the nucleon form factor data base [37] .
Simplifying the expression using (28) we obtain
Note that only the scalar wave functions depend on the integration variable; the rest of the integrand (the j i functions and their coefficients) are functions of Q 2 only. We now impose the condition ψ 0 = ψ 1 = ψ as required by the symmetry of the state (this simple condition replaces Eq. (10) needed in Ref. I). At Q 2 = 0 the charge form factor reduces to
if we impose the normalization condition
The equality fixes N 0 . Our theory is not complete enough to automatically fix the normalization (as in Refs. [25, β1, β2 κu, κ d Λ1+, Λ1− Λ2+, Λ2− λπ, Λπ λq, N (all dimensionless). For comparation, the last two lines give the parameters resulting from the refit to the data without the pion cloud Gπ. The proton and neutron radii are (for no pion cloud) r In the next section, we will see in more detail that Eqs. (29)- (30) give the asymptotic behavior F 1 ∼ 1/Q 4 and F 2 ∼ 1/Q 6 naturally for a judicious choice of the high Q 2 dependence of the scalar wave function (ψ
.
RESULTS

Description of the nucleon electromagnetic form factors
The parameters of our model were adjusted to fit the data, giving the results shown in Fig. 1 . During the fit four of the parameters were constrained to give the experimental values of the nucleon magnetic moments and the charge radii (as described in Ref. I). The parameters are presented in Table I . The model fits the low energy data well; we emphasize that it describes the electric and magnetic moments and charge radii exactly. One of the reasons a high quality fit is possible is that we used data for G Mp recently reanalyzed by Arrington [27] ; this data is more consistent with the new G Ep data, and this consistency is required for a good fit. The new JLab high precision G Mn data are not yet final [38] and were therefore not included in our fit; if the final data set remains close to the preliminary one a refit of the model will be necessary, and we have not investigated the effect it will have. The model predicts that G Ep vanishes for Q 2 ∼7.5 GeV 2 . Figure 1 also shows the result obtained by refitting without including the pion cloud (i.e. λ π = 0). [In this case the charge radii are not constrained by the fit, since doing so would force the form factors to be too large at large Q 2 .] We see that the main effect of the pion cloud is to improve the fit to G En . The model with pion cloud provides a better overall description of the data (χ 2 = 1.15 per data point) than the model without (χ 2 = 1.61 per data point, and a result for the charge radii off by many standard deviations). It is interesting to note that the parameters β 1 and β 2 are very different (almost 2 orders of magnitude). This is evidence for an almost perfect separation, in the dynamics, between the high momentum and the low momentum regimes. As for the vector dominance parameters, note that all are of comparable value (close to the nucleon mass) except Λ 1+ which is substantially larger. This difference is reflected in the CQ form factors predicted by the model and shown in Fig. 2 . The figure shows the four normalized combinations
Note that f e+ is much flatter than f e− , reflecting the fact that Λ 1+ > Λ 1− . In our model it is the anomalous behavior of f e− that explains the absence of scaling in G Ep /G Mp . It remains to be seen whether or not this is the correct explanation. The alternative would be that the quark form factors are more nearly similar in shape, and some structure in the proton wave function, omitted from our model, accounts for the absence of scaling.
As for the asymptotic high momentum dependence of the nucleon form factors, according to Eqs. (29)-(30) F 1 and F 2 fall respectively as 1/Q 4 and 1/Q 6 . More specifically, we have for large
. Note that we only used the pQCD asymptotic dependence of the F 1 form factor to fix the asymptotic dependence of the scalar wave function ψ (ψ ≃ 1/Q 4 for large Q 2 ). The dependence of F 2 with 1/Q 6 then follows naturally.
Considering in particular the proton form factors (τ 3 = +), we have (a + b = 3m + + m − and µ p = 2.79)
The present polarization transfer data from Jlab [1, 2, 3, 33, 34, 35] (Q 2 < 6 GeV 2 ) are also consistent with a constant limit for QF 2 /F 1 . For a detailed descriptions see Ref. [3] . With the present model QF 2 /F 1 is indeed flat in the few GeV 2 region, but it falls for larger Q 2 like 3.73/Q GeV. The direct observation of the scaling relation (36) is however delayed until Q 2 > 100 GeV 2 .
The shape of the nucleon
We now turn to the interesting discussion of the shape of the nucleon. Shapes of nuclei have been discussed for over 50 years, and are still an active area of research. The Contemporary Physics Education Project (CPEP) [39] may be illustrative of the discussion found in the recent popular literature. In the discussion of their nuclear science wall chart, they refer to nuclear shape without giving a definition. In one of the early papers, Rainwater [40] relates nuclear shape to the presence of a nuclear quadrupole moment, and this definition seems to be universal. A very nice discussion of nuclear shapes and quadrupole moments can be found in the Nobel lectures by Rainwater [41] , Bohr [42] , and Mottelson [43] .
The quadrupole moment is determined by the charge density. As an example, consider a charged spin 1/2 quark moving about a fixed spin 1 particle (the diquark). Since the diquark is merely a representation of the two quarks not being probed by the photon (we assume that there are no two-body charge operators), we can ignore its charge. For definiteness, suppose the quark has angular momentum ℓ = 1 and the total angular momentum of the state is 1/2. In nonrelativistic terms, the charge density of the spin-up state is then ρ e (r) = e ψ 2 (r) = e 
This is a spherical result, even though the individual components that make up the wave function are not spherical.
In our model, the momentum space charge operator at Q = 0 (both nucleons must be at rest in order to avoid Lorenz contraction effects) can be extracted from Eq. (29)
where j 1 , defined in Eq. (23), is the quark charge operator. Note that ρ e (k) is proportional to the nucleon charge operator and to the square of the scalar wave function ψ (a function of k 2 only) as expected. The electric charge density of the nucleon is spherically symmetric. The radial momentum distribution |ψ(P, k)| 2 , multiplied by the kinematic integration factor m 3 s /(2E s ), is shown in Fig.  3 for the two models considered in this work.
The charge distribution derived in Ref. I is also spherically symmetric, even though the wave functions are not. This is because the angular dependence in the wave functions of Ref. I (due to the angular dependence of the polarization vectors η) is canceled in much the same way as in example (37).
We can also use the matter distribution to analyze the nucleon shape. In this case the operator j 1 is absent, and
This is also spherical. If the shape is defined by the charge density, we conclude that the nucleon is spherical, unless it can be shown to exhibit some collective motion that would allow us to interpret it as a deformed state precessing about an axis different from its symmetry axis [40, 41, 42, 43, 44] . This would imply the existence of a rotational band and super large quadrupole radiation, which have not been observed.
Recently Miller [45] , and Kvinikhidze and Miller [18] introduced a spin direction dependent (SDD) density operator as a means of describing the shape of the nucleon. Nonrelativistically, the charge SDD operator is ρ SDD e (r, n) = ρ e (r)
where n is the direction of the spin quantization. Choosing n to be in the +z direction, the spin-up matrix elements of this operator for the nonrelativistic case studied in Eq. (37) are
because, in this case, the spin projection operator has projected out the spin-up state of the quark, unveiling the angular momentum contained in Y 2 10 . Using this definition Kvinikhidze and Miller [18] analyzed the relativistic nucleon model of Ref. I, demonstrating that the SDD matrix elements generate angular dependent terms in the nucleon SDD charge and matter densities.
Relativistically, the SDD density operator includes the factor of (γ 0 + n · γ γ 5 )/2, where n is a unit vector that specifies the quark spin direction. With this definition, the SDD electric charge distribution for a nucleon with polarizationŝ becomes
and for the matter distribution
where, as before, ψ(P, k) is independent of angles in the nucleon rest frame. For the model presented in this paper, these distributions are also spherically symmetric, reflecting the fact that the model contains only S-wave components.
What are the larger implications of these observations? The SSD operators are potentially quite interesting. If they can be measured directly, they will reveal the angular momentum content of a state. But using these operators to define the "shape" of a state is contrary to what is usually understood as the shape (i.e. the charge or mass quardupole moment density) and adds unnecessary confusion to the field. same spin-isospin content as the simplest nonrelativistic SU (2) × SU (2) model. The two components of the wave function, corresponding to spin-0 and spin-1 diquark states, are described by one scalar wave function, as required by symmetry under quark interchange.
The model reproduces the magnetic moments and charge radii of both the neutron and proton exactly, gives a good description (χ 2 ≃ 1.15 per data point) of the elastic proton and neutron form factors, and is consistent with the expected pQCD asymptotic behavior (up to logarithms). Pion cloud effects are included in a effective and simplified way, and improve the description of the data. We conclude that the data do not necessarily demand that the nucleon wave function include ℓ > 0 nonspherical angular momentum components (although they are certainly not ruled out).
We would like to emphasize again that this model is fully covariant, yet it has the feature that the nucleon (in its rest frame) does not even have any "small" relativistic orbital angular momentum components associated with the lower Dirac components of the state (in fact, these are zero in the rest frame). It is amusing that the data can be fit by such a simple model. Of course the model may not be correct: it implies that the constituent quark form factors have a particular structure that is yet to be verified. What we have tried to emphasize here is that the beautiful form factor data do not, in themselves, allow us to distinguish which of these alternatives is correct.
In forthcoming work the structure of the nucleon wave function will be used to describe the transitions to other baryons and to excited states of the nucleon. For that purpose a modified version of the diquark propagator D µν will be used. These studies will give more definitive information about angular momentum components in both the nucleon and other baryons.
